Grey seal diet at the southern limit of its European distribution:
INTRODUCTION
The grey seal is distributed in temperate and sub-polar waters of the North Atlantic and three stocks are generally recognized: in the north-west Atlantic, the north-east Atlantic and the Baltic Sea. The core of the north-east Atlantic stock is located around Scotland (UK), where around 75% of the population of this stock breed (Sea Mammal Research Uunit, 2004) . However, this stock geographically spreads northwards along the Norwegian and Russian coasts as far as the Barents Sea and southwards to Ireland, southern Great Britain, France, the Netherlands and Germany (Härkönen et al., in press ). The size of the breeding or resting groups drastically decreases towards the edges of the distribution area, from up to one or several tens of thousands of individuals per location in Scotland (Sea Mammal Research Uunit, 2004) to about one hundred in France, for instance.
Four permanent grey seal haul-out sites are known along the French north-west coasts, the most important of which is the Molène Archipelago at the western tip of Brittany ( Figure 1 ) where more than half of the French 'population' is found (Härkönen et al., in press ). There, the maximum seal counts were ~70 in the years 1991-2000, with a trend of +7% over that decade (Vincent et al., 2005) and mark-recapture analyses of photo-identification data estimated total seal number in the area at a seasonal maximum of 98 in the early summer (Gerondeau et al., 2007) . In spite of these fairly low numbers of seals and because a Marine Protected Area is planned in the same region, the issue of potential interaction with local fisheries, both professional and recreational, is increasingly frequently raised. The food and foraging ecology of the grey seal has been extensively studied in the core of its distribution, but very little is known at the southern limit of its European range, including the south-west British Isles and the French coast.
In order to establish baseline knowledge that would be necessary for future investigation of the impact of grey seals on local fish resources and their overlap with fisheries, we studied the diet of the grey seals in an approach which combined scat and stomach content analyses and fatty acid profiling of satellite-tracked seals. Looking at scat and stomach content composition allows the recent diet to be quantitatively investigated, whereas fatty acid signatures in the blubber integrate the diet of individuals over several weeks and can reveal among individuals dietary variability potentially linked to biological (sex, size etc.) or behavioural characteristics (travelling patterns).
MATERIALS AND METHODS

Study site
The Molène Archipelago is located off the western coast of Brittany, France (Figure 1 ). The archipelago is constituted of half a dozen shallow islands, only one of which is inhabited, and numerous tidal reefs, surrounded by an extended plateau at depths shallower than 20 m. On average, about 50 to 60 grey seals use this area as a haul-out site, but analysis of age and sex categories and sex composition suggests that the assemblage of individuals living there changes according to the major periods of the species' yearly cycle (Vincent et al., 2005; Gerondeau et al., 2006) . Tidal rocks are preferential haul-out sites during most of the year cycle whereas small islands, which permanently emerge, are preferred by females nursing pups in the autumn and by moulting animals in late winter (Vincent, 2001) .
Dietary analysis
Scats were collected at haul-out sites in the Molène Archipelago from March 1998 to March 2000 and stored frozen at -20°C. Because haul-out sites located above the high tide level are mostly used by the seals during their moult, scats were collected during the months of January to March. Although scats could not be attributed to individual seals of known age or sex, scats collected in this way were more likely to be produced by adult males as the composition of the group using the area during the moult is heavily skewed in favour of this category, displaying a sex ratio of about 5:1 (Vincent et al., 2005) . In addition to scats, stomachs from seals by-caught in bottom-set gill-nets were also obtained from the vicinity of the archipelago (Figure 1 ), ligatured and removed at necropsy, and stored frozen at -20°C. All these animals, but one, were yearlings.
Dietary analysis was standard and followed procedures generally used for marine top predators (Pierce & Boyle, 1991; Croxall, 1993; Ridoux, 1994) that will only briefly be described here. Scat and stomach samples were washed on a 0.2 mm mesh size sieve. Prey items were identified to species from the examination of diagnostic hard remains like otoliths and bones for fish and mandibles for cephalopods, by using available keys and guides (Clarke, 1986; Härkönen, 1986) as well as our reference material (CRMM/University of La Rochelle). The composition of the diet was quantified by occurrence (number or proportion of scats/stomachs containing a prey taxon), relative abundance (number or proportion by number of individuals belonging to a given prey taxon throughout the series of scats/stomachs) and reconstituted body mass (mass or proportion by mass of a given prey taxon throughout the series of scats/stomachs). A prey was considered present in a sample when at least one diagnostic part was found. The number of fish individuals in a sample was half the number of otoliths or dentary bones rounded up to the integer and the number of cephalopods was given by the higher number of upper or lower beaks. All diagnostic parts were measured following the standards, namely otolith length (OL) and cephalopod lower rostral length (LRL), and converted to total body length and individual body mass by using available allometric relationships (Clarke, 1986; Härkönen, 1986; CRMM, unpublished relationships) . In order to take otolith erosion into account, OL measurements obtained from scat samples, but not from stomachs, were multiplied by correction factors from the literature (Prime & Hammond, 1990; Pierce et al., 1993; Hammond et al., 1994a; Tollit et al., 1997) . The reconstituted mass of a taxon in a given sample was obtained by averaging individual body masses in that sample multiplying by the number of individuals of the taxon in the same sample. For some species, a specific treatment departed slightly from the general schedule outlined above. Garfish, Belone belone, which was always ingested without the head (presumably because of its acute rostrum) was identified from its uniquely green-tinged vertebrae. Wrasse, family Labridae, were identified and measured from the otoliths, but enumerated from the higher counts obtained from otoliths (as above) and of their distinctive impaired pharyngeal teeth plate. Among crustaceans, only the shore crab, Carcinus maenas, was considered as a possible primary prey of the grey seal and included in the calculations as such. In contrast, numerous remains of anomuran crabs, families Porcellanidae, Paguridae and Galatheidae, corresponded to prey items of about 10 mm long and were therefore considered to be fish prey secondarily ingested by the seals; they were therefore discarded from the analyses.
Ninety-five per cent confidence intervals (95% CI) around the percentages by number and by mass were generated for each prey species by bootstrap simulations (Reynolds & Aebischer, 1991) . The bootstrapping routine was written by using the R software. Random samples were drawn with replacement and the procedure was repeated 1000 times.
Fatty acid profiles
The sampled animals covered a large range of sizes and body masses (Table 1) and were shown by satellite telemetry (Vincent et al., 2005) to have contrasted strategies of habitat use: some of them were strictly resident and stayed in the vicinity of their Molène resting sites, others alternately used the Molène Arquipelago and areas along the Breton mainland coasts, others moved to coastal regions around the south-west British Isles and, finally, some of them made extensive use of open sea areas in the western English Channel (Table 1) . Blubber samples were taken from individuals caught at haulout site and processed as described in Walton et al. (2000) . Briefly, lipids were extracted by the method of Folch et al. (1957) and converted to FAMES (fatty acid methyl esters) in the presence of acidified methanol. The FAMES were separated by gas chromatography on a DB23 fused silica capillary column (30 m × 0.25 mm internal diameter). Peak areas were quantified by the software package Chromcard v. 2.3 (Carlo Erba) and individual fatty acids were expressed as the percentage by weight of the total fatty acids characterized. As is customary, values are expressed to two decimal places, but this degree of accuracy is not implied.
As a previous study (Walton & Pomeroy, 2003) has shown that the diets of seals and hence fatty acid profiles can change at certain localities between years, the average fatty acid profiles of the seals will be listed separately by year. An interpopulation distance measure Dfap was calculated to compare the two years of sampling (see Walton & Pomeroy, 2003) .
Several multivariate statistical techniques, detailed in Walton & Pomeroy (2003) , were applied to the resulting fatty acid profiles. These techniques have the potential to reveal qualitative differences in diet, i.e. that temporal or spatial difference or changes have occurred, but without specifying what prey species had been eaten. Principal components analysis (PCA) requires at least as many samples as variables, therefore in this case where there are 58 acids and only 14 seals a selection of variables is required, which could have an influence on the outcome. Firstly, in order to test using all variables, the sample size was increased by comparing the French seals with seals from a North Sea colony (the Isle of May) also sampled in 1999 and 2002 (M. Walton, unpublished results).
RESULTS
Diet composition
The diet of the grey seal was mostly composed of fish and cephalopods but differed substantially according to whether one considers the results obtained from scats or from stomach contents. These two sources of dietary information will be examined separately. From the analysis of prey remains found in scats, the prey array comprised 18 fish taxa and 2 of cephalopods. Fish dominated overwhelmingly with 96% by number and 98.6% by reconstituted mass (Table 2) . It appeared that wrasse (presumably the ballan wrass, Labrus bergylta, but confusion with otoliths of other labrids was possible) accounted for 50.6% of the diet by mass (95% CI: 34-68); conger eels, Conger conger, ranked second with a total contribution of 20.7%M (95% CI: 8-35), followed by the sea bass, Dicentrarchus labrax (11.9%M; 95% CI: 1-24) and an assemblage of gadids (7.3%M altogether) among which pollack, Pollachius spp., were the most important (3.7%M; 95% CI: 0-10). However, it must be noted that the average number of prey remains per scat was fairly low and therefore inter-scat heterogeneity was correspondingly high as shown by the width of the 95% CIs. The average prey individual body mass was 698 g and the overall prey size-distribution was from a 10 cm long dragonet, Callionymus lyra, or 4 g sand eel, Ammodytidae, to a conger eel of 130 cm and 5.2 kg; prey from 10 to 25 cm long accounted for 74% by number of the diet and larger prey, from 25 to 40 cm long accounted for 47% by mass of the diet (Figure 2 ). 0.6 0.5 (0-2) 72 1 6 <0.5 (0-1) *, presence of the garfish, B. belone, was inferred from the observation of the characteristic green-tinged bones but no otolith was found; therefore, reconstituted individual body length and mass were taken from the stomach sample data, since complete skeletons were found in stomachs (Table 3) . The composition of the stomach contents differed substantially from the results obtained from the scats. Fourteen fish taxa, three cephalopod taxa, three crustacean taxa and one bird species were found (Table 3) . Most of these species were common to the species array described in the scat but their relative contribution to the diet did differ. It appeared that cuttlefish, Sepia spp., accounted for 24.6% (95% CI: 17-40) by number and as much as 52.3 % by reconstituted mass (95% CI: 29-68); the squid, Loligo spp. (7.9%M; 95% CI: 2-19), two gadids, Pollachius spp. (6.7%N, 95% CI: 0-42, and 5.1%M, 95% CI: 0-18) and Trisopterus luscus (38.4%N, 95% CI: 6-50, and 4.4%M, 95% CI: 0-12), the sole, Solea solea (9.5%M, 95% CI: 0-19) and the conger eel (9.4%M, 95% CI: 1-27) were the other main prey 
. Grey seal diet in Brittany from stomach content analysis (N=14).
species. The number of prey items per stomach was 13.6. The average prey individual body mass was 279 g, much lower than in the scat sample set, and the overall prey sizedistribution was from a Trisopterus of 6 cm long and 2 g to a conger eel of 99 cm long and estimated to weigh 2 kg. However, prey from 10 to 16 cm long accounted for 56% by number of the diet whereas slightly larger prey, from 16 to 25 cm long, constituted 47% by mass of the diet (Figure 2 Fatty acid profiles The average fatty acid profiles of the seals sampled in this study are listed separately by year in Table 4 . The profiles appeared similar and no significant inter-individual difference was seen in the average Euclidean dissimilarity measures either for within 1999 (6.26 ±3.17), within 2002 (6.22 ±3.14) or between 1999 and 2002 (6.09 ±1.92). The inter-population distance measure Dfap was zero, meaning that no significant difference was found between the 1999 and 2002 samples.
As shown from the PCA presented in Figure 3 , and not unexpectedly, the French seals cluster out separately from the Isle of May seals. However, whereas the Isle of May' seals were clearly differentiated by year, there was no such differentiation by year for the French seals. To test the French seals separately a further three PCA analyses were performed using different subsets: firstly, the seven summary category variables (sum of saturated etc.) shown in Table 4 (results not shown); secondly, the 14 most abundant fatty acids amongst all seals (marked with an * in Table 4 ) (see Figure 4) ; and thirdly, the 14 fatty acids showing the greatest variance between 1999 and 2002 (marked with a # in Table 4 ) (results not shown). In all these cases the results were similar to those shown in Figure 3 , with no obvious clustering according to year of sampling.
When the distribution of points in the plot shown in Figure 4 are compared to the travel budget details given in Table 1 , there is no obvious clustering of seals which spent most of their time in Brittany and those which travelled much further afield. However, a clear pattern arose when one compared the distribution of points to individual body mass (Figure 4) , with animals lower than 76 kg and those heavier than this threshold fairly well separated along the first axis of the PCA.
DISCUSSION
General
Being the southernmost permanent grey seal colony in the north-east Atlantic, the Molène Archipelago is home to only a limited number of individuals and therefore gathering very large collections of food material or blubber samples is not possible over a realistic period of time. In order to draw a more complete picture of the feeding ecology of the grey seal at the southern limit of its range, the present approach aimed at compensating for the rather limited sample sizes by combining independent sources of data: faeces, stomach content and fatty acid signature analyses. Each of those has its specific methodological advantages and limitations.
Faeces and stomach content analyses reflect the food composition during the day prior to sampling and give access to prey size-ranges and a quantified species composition of the diet. Extensive literature has reported on biases associated to prey-specific differential transit patterns in the digestive tract and differential erosion of diagnostic parts (e.g. Bigg & Fawcett, 1985; Harvey & Antonelis, 1994; Yonezaki et al., 2003) . These biases, which affect the probability that a prey eaten is recovered and the ability to back-calculate original prey body mass, are fully acknowledged here. In an attempt to partly cope with the erosion bias, otolith lengths were corrected by using published correction factors in the scat analysis and not in the stomach content analysis. We considered that otoliths found in scats had undergone a full digestion process whereas those from stomach content had not, since the latter were most often recovered directly from fish skulls and consequently had suffered little digestion if at all. We did not attempt to correct for possible difference in transit patterns; however, the interpretation of the difference in food composition derived from scats as opposed to stomachs will consider the possibility that squid beaks may accumulate in the stomach and be predominantly rejected orally rather than in the faeces (see below).
Fatty acid profiles have the potential to provide dietary information integrated over time scales determined by the turnover rate of the tissue in which they are analysed, typically a few weeks in the case of the blubber (Iverson et al., 1995) . Firstly, this technique can reveal qualitative differences in diet between individuals or groups of individuals without specifying what prey species had been eaten (Iverson et al., 1997; Walton et al., 2000) . In addition to this, quantitative dietary data can now be obtained by using quantitative fatty acid signature analysis (QFASA) when a complete library of prey fatty acid profiles is available (Iverson et al., 2004) . In the present case, the available prey library was incomplete and a full QFASA analysis could not be carried out.
In spite of these limitations, the present study provides original data from a previously undocumented area, allows comparisons with other sites within the north-east Atlantic range of the species and sheds some light on inter-individual heterogeneity of the diet.
Geographical variations of the diet
None of the major prey species found at the Molène Archipelago (wrasse, sea bass, conger eel and cuttlefish) was previously reported to be of any importance in the food of the grey seals from core areas (Table 5) . Indeed, cod, Gadus morhua, whiting, Merlangius merlangus, sand eels, Ammodytidae, plaice, Pleuronectes platessa, and herring, Clupea harengus, were the commonest prey in most previous study sites, often accounting for up to 50-90% by mass of the diet (Table 5 ). All these species account for a negligible part of the grey seal diet in Brittany, while most occur in Brittany waters (whiting, plaice, and sand eels to a lesser extent, constitute commercially exploited resources; cod and herring are rare).
In regard to the fatty acid studies, the blubber profiles of the French grey seals are basically similar to those reported for other grey seals found in European waters (e.g. Walton & Pomeroy 2003) , in that they contain a wide variety of fatty acids, rich in poly-unsaturated fatty acids especially of the n-3 series. No major differences in fatty acid profiles were detected by the Dfap measure or by PCA, between those seals sampled in 1999 and those in 2002, implying that no major change in diet during this time had occurred. In contrast, a clear difference was found with samples collected on the Isle of May, which is in line with results obtained from scats and stomachs (Table 5) .
Inter-individual variations of the diet
The comparison of scat versus stomach contents on the one hand, and the structuring of fatty acid profiles on the Grey seal diet in France V. Ridoux et al. other hand suggest some degree of differentiation of the diet amongst grey seal in Brittany.
The PCA is not a statistical test in itself, but, as it does not require prior classifications of the data, it does give a useful visual representation of the natural spread of the data and allows one to look for possible clustering which can then be analysed using other statistical tests. No obvious clustering could be seen which related fatty acid profiles to where the seals spent their time, according to the satellite tracking data, given in Table 1 . It could be argued that fatty acid profiles related to the diet eaten before, and not during the satellite tracking. Although it would have been preferable to recapture the same individuals after their tracking, this is highly improbable due to seal movements and logistical difficulties in targeting one individual for the catch. Nevertheless, we suggest that the seals' behaviour recorded by the tags over several months was typical of their behaviour prior to capture. Then one might have expected to see dietary differences between those seals which stayed over several months close to the Brittany shore compared to those which travelled longer distances, such as to England (Vincent et al., 2005) . The absence of clustering related to travelling patterns would suggest that the general diet is grossly the same at the geographical scale at which these movements occur in the western English Channel.
Other sources of inter-individual variability in the diet relate to body size or age of the animals. The difference in the diet and prey sizes described from the analysis of the faeces (>50%M wrasse; prey of 698 g on average) as opposed to the stomach samples (>50%M cuttlefish; prey of 279 g on average) could be interpreted either as methodologically-driven, or related to age or size of the animals. Indeed, squid beaks could be eliminated orally and therefore would be over-represented in the stomachs and under-represented in the scats. Alternatively, this difference could reflect a real change in the diet between yearlings and adults. Indeed, all stomachs but one were obtained from by-caught individuals in their first year of life, whereas collecting scats was possible only at moulting sites, a circumstance where adult males largely predominate in the seal assemblage of the Molène Archipelago (Vincent et al., 2005) . The fatty acid data concur with the hypothesis of an age-related change in the diet and suggest that some degree of ontogeny of foraging techniques occurred and was expressed by a change in diet composition with body mass; this change is the major structuring pattern visible along the first axis of the PCA.
Potential for interactions with local fisheries
Irrespective of their actual commercial importance-for instance, wrasse are mainly used as bait for the lobster and crab pot fishery whereas the sea bass is a highly valued species-it appears that most of the prey species identified in the food of the grey seal are also targeted by professional and/or recreational fisheries in the area. Additionally, several prey size-ranges also partly overlap with marketed size-ranges for several species. However, more information is needed to quantify the removals generated by the increasing number of seals dwelling in this area and compare them to human removals. In particular, it is crucial to determine seasonal changes in seal numbers and their age/gender composition, calculate their annual energy requirements, determine food composition and energy content and assess the spatial extent of seal predation around their haul-out sites. The present work provides baseline information for one of these different facets. Another further step would be to assess whether the removals performed by one of the consumers (seals or fisheries) would have any effect on the capacity of the other to exploit these resources.
